We analysed a collection of 95 multiply antibiotic-resistant pneumococci, recovered since 1988 from 14 Spanish hospitals, that have MlCs 3 0-25 pg benzylpenicillin ml-l. The majority of the isolates were of serogroups 14, 23, 6, 19 and 15, which are currently the serogroups mainly associated with multiresistance in Spain. All of the serogroup 23 isolates were members of the major Spanish serotype 23F multiresistant clone. Similarly, most of the serogroup 6 isolates were members of the major multiresistant serotype 6B clone, or variants of this clone. Eighteen of the 24 isolates of serogroup 1 9 were members of a highly penicillin-resistant clone that appears to be a serotype 19F variant of the major Spanish serotype 23F multiresistant clone. Eighteen of the 25 isolates of serotype 14 were members of a previously uncharacterized highly penicillin-resistant clone. Thirteen of the 16 isolates of serogroup 1 5 were members of a single previously unreported clone of serotype 15F that had moderate levels of resistance to penicillin. Approximately 65 O/ O of the multiresistant pneumococci that are currently circulating in Spain were members of the three new clones of serotype 14, 15F and 19F that we describe here, or the previously described serotype 6B and 23F clones. The other 35% of isolates were minor variants of the major clones, unrelated minor clones, and unique isolates, many of which appeared to have arisen b y horizontal gene transfer events.
INTRODUCTION
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On: Sat, 08 Dec 2018 03:42:26 T. 7. COFFEY a n d O T H E R S to alterations of PBPla, PBP2x and PBP2b (Barcus e t al., 1995) , whereas high-level resistance to third generation cephalosporins involves alterations of only PBPla and PBP2x (Coffey e t a/., 1995a). Low affinity PBPs have emerged by inter-species recombinational events (Dowson e t al., 1989; Laible e t a/., 1991; Martin e t al., 1992a; . As a consequence, the pbp genes of P-lactam-resistant pneumococci have a mosaic structure, consisting of regions that are similar to those in susceptible pneumococci and regions that are 10-25 YO diverged in nucleotide sequence.
Previous studies have identified two major clones of multiresistant pneumococci in Spain (Mudoz e t al., 1991 (Mudoz e t al., , 1992 Vaz Pato etal., 1995) . In some of these countries (e.g. the UK and the USA) the imported Spanish serotype 23F clone has become the most commonly encountered multiresistant pneumococcus. The prevalent multiresistant serotype 6B clone has also been recovered in Spain for over a decade, and has recently caused outbreaks of pneumococcal disease in Iceland (Mudoz e t al., 1992; Soares e t al., 1993) .
Most studies on penicillin-resistant pneumococci from Spain have concentrated on the description and spread of the prevalent multiresistant serotype 6B and 23F clones (MuAoz e t al., Soares e t al., 1993) . However, penicillin-resistant and multiresistant pneumococci of many other serotypes or serogroups were recovered in Spain during the 1980s (Fenoll etal., 1991) , and during the 1990s resistant isolates of some of these serogroups have emerged as important causes of pneumococcal disease. For example, in contrast to the 1980s, in which multiresistance in Spanish pneumococci was most common in isolates of serogroup 23 and 6, in recent years it is most frequently encountered among isolates of serogroup 14 (A. Fenoll, unpublished results) .
In this paper we analyse pneumococci resistant to penicillin, chloramphenicol, and tetracycline isolated in Spain between 1988 and 1994. Our study identifies five major clones of multiresistant pneumococci that currently predominate in this country.
METHODS
Pneumococcal isolates and growth conditions. The pneumococci included in this study were multiresistant isolates from Spain that had MICs 3 0.25 pg benzylpenicillin ml-', and which were also resistant to chloramphenicol (MIC > 4 pg ml-') and tetracycline (MIC > 4 pg ml-'). A few isolates that were initially considered to be resistant to these three antibiotics, but which on re-testing were found to be tetracycline-susceptible (MIC < 4 pg ml-'), are also included.
Those with the GM prefix included multiresistant isolates recovered from patients with pneumococcal disease at Hospital Gregorio Marafii6n during 1988/89 (Garcia-Leoni e t al., 1992) and isolates submitted from this hospital to the Instituto de Salud Carlos I11 between 1990 and 1994. The isolates with other prefixes were submitted from other Spanish hospitals (for details see Table 1 ) to the Instituto de Salud Carlos 111 during Pneumococci were grown overnight at 37 "C on brain-heart infusion agar containing 5 % (v/v) defibrinated sheep's blood (BHI-B), or catalase (1 unit ml-'), in a 95 % (v/v) air/5 % (v/v) CO, atmosphere. Brain-heart infusion broth plus 0.5 YO yeast extract (BHI-Y) was used as liquid medium. MICs of antibiotics were determined as described previously (Fenoll et al., 1991) . Serogrouping of each isolate was carried out at the Instituto de Salud Carlos 111, Majadahonda, Madrid, Spain (Fenoll et al., 1991) . Serotyping of selected isolates was carried out a t the Central Public Health Laboratories, Colindale, UK.
Multilocus enzyme electrophoresis (MLEE).
Pneumococci were grown at 37 "C in 200 ml BHI-Y and were harvested by centrifugation during late-exponential phase. Cell lysates were prepared as described by Sibold et al. (1992) . Methods for starch gel electrophoresis and assay of enzymes are as described by Selander e t al. (1986) . The enzymes analysed are listed in the footnote to Table 2 . Relatedness between isolates was estimated from the MLEE data by the unweighted-pair group method using average linkages (UPGMA), using the programs ETDIV and ETCLUS which were kindly provided by Dr Tom Whittam.
Fingerprinting and sequencing of pbp genes. The pbpla, pbp2b andpbpZx genes were amplified from chromosomal DNA by PCR using the oligonucleotide primers and conditions used previously . The amplified pbp gene fragments were digested with frequent-cutting restriction endonucleases , and the cohesive ends of the resulting DNA fragments were filled-in with [a-32P]dNTP, fractionated on non-denaturing polyacrylamide gels, and detected by autoradiography (Coffey e t al., 1991) .
For each pbp gene, isolates with identical (or very similar) fingerprints were identified by comparing the digitized fingerprint patterns obtained from the autoradiographs with all of the other patterns using a Summasketch I1 Plus digitizer tablet (Summagraphics) and MolMatch software (Ultra-Violet Products). This software computes the sizes of each of the DNA fragments from the pbp gene by comparing their mobility to those of reference size markers (pBR322 digested with HpaII).
Fragment sizes from each pbp gene fingerprint are then compared with the fragment sizes obtained from the fingerprint patterns in a database that contains the pbp gene fingerprints of all previously analysed isolates, using user-defined criteria of fragment identity. In this work fragments were considered to be identical if their sizes differed by < 5 % , since large-format high-resolution polyacrylamide gels were used. The program lists, in descending order of similarity, the isolates in the database that have the highest numbers of fragments in common with the testpbp gene fingerprint. Isolates that appeared to have the same, or similar, pbp fingerprints were then re-analysed by running the samples in adjacent slots on a fingerprint gel.
Fingerprinting cannot distinguish between all mosaicpbp genes, and partial nucleotide sequencing was used in those cases where the samepbp genes appeared to be present in distantly related clones (Kell et a!., 1993) . In some cases alleles that looked to be 1989-1 994. Multiresistant pneumococci from Spain identical by fingerprinting were distinguished by sequencing.
For example, the php la genes from the major Spanish serotype 6B and 23F multiresistant clones are not distinguished by the restriction enzymes we use for fingerprinting (Martin e t al., 1992b) . They were assigned as allele 1 (serotype 23F-like), or allele 2 (serotype 6B-like), by sequencing codons 605-742 where these alleles differ considerably in sequence. Similarly, the pbp2b allele of the minor serotype 19F clone (allele 35) appeared to be identical to allele 1 found in the major serotype 23F multiresistant clone, but sequencing of codons 274-356 and 600-679 showed they were distinct. Direct sequencing of regions of the PCR-amplifiedpbp genes was carried out as described previously (Kell e t al., 1993) .
Repetitive element PCR. PCR using repetitive element primers (REP-PCR) was performed as described by Versalovic e t al. (1993) .
RESULTS

Classification of Spanish multiresistant pneumococci into fingerprint groups
The major Spanish multiresistant serotype 6B and 23F clones have been well documented (Mufioz e t al., 1991 (Mufioz e t al., , 1992 Martin e t a/., 1992; Sibold e t al., 1992; Soares et al., 1993; Dowson e t al., 1994 , Klugman e t al., 1994 . As almost all multiresistant isolates of serogroup 23 from Spain are members of the major 23F clone, we examined isolates of this serogroup obtained from Hospital Gregorio Marafibn, but not those submitted to the Instituto de Salud Carlos 111. For the same reason we only studied a few of the serogroup 6 isolates from the Instituto de Salud Carlos 111. The submitting hospital, the year of isolation, and other properties of the pneumococcal isolates are shown in Table 1 .
High-resolution fingerprints of the pbp la, pbp2b and pbp2x genes from each of the multiresistant pneumococci were obtained. For eachpbp gene, the fingerprints of the multiresistant isolates were compared and those that appeared to possess indistinguishable mosaic forms of each gene were assigned to a fingerprint group (Kell e t al., 1993) . In most cases, these groups consisted of isolates that were of the same serogroup or serotype. However, there were exceptions (e.g. isolates NSM2 and MS10, and isolates T58 and VH97), and in these cases the serogroups or serotypes were re-checked. As expected, the pbpla, pbp2b and pbp2x genes of each of the multiresistant pneumococci gave fingerprints that were different from those of the penicillin-susceptible isolate R6 ( . . , . , , . , , . , , . , , . , , . , , . . , . , , . , . . . Table 1 but, together with SP264, are previously described members of the major Spanish serotype 23F multiresistant clone .
isolates were serogroup 23 and 19, with the exception of isolate GM5 which was serogroup 9.
The 11 isolates of serogroup 23 obtained from Hospital Gregorio MaraAh were likely to be members of the Spanish serotype 23F clone as their pbp gene fingerprints were identical to those of the reference strain SP267. Two representative isolates (GM45 and GM54) were serotyped and were shown to express capsular type 23F. Isoenzyme analysis demonstrated that isolates GM45 and GM54 were identical in allele profile and they clustered with the reference strains of the Spanish serotype 23F on the dendrogram produced from the electrophoretic data (Fig,  1) . Two of the isolates were resistant to erythromycin in addition to penicillin, chloramphenicol and tetracycline.
The 18 fingerprint class 1-1-1 isolates of serogroup 19, which were from eight different hospitals in Spain, were identical by REP-PCR to the. reference strain SP521 (Coffey e t al., 1991) , a previously described serotype 19F variant of the major Spanish multiresistant serotype 23F clone (data not shown). Isolates VA96 and C85 were examined by MLEE, and differed from each other at one of the 16 loci examined. As expected, these isolates clustered with the members of the serotype 23F multiresistant clone on the dendrogram produced from the MLEE data (Fig. 1) . Isolate C85 was serotyped and was IP: 54.70.40.11
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T. J. C O F F E Y a n d OTHERS shown to express capsular type 19F. Five of the isolates were resistant to erythromycin in addition to penicillin, chloramphenicol and tetracycline.
The single isolate of serogroup 9 in fingerprint group 1-1-1 (isolate GM5) was identical by pbp gene fingerprints and REP-PCR to the reference strain SP665, a member of the previously described clone of penicillin-resistant serotype 9V pneumococci recovered in Spain (Coffey e t d., 1991) . GM5 was shown to express capsular type 9V and differed from the reference strain, SP665, at 2/16 enzymes assayed by MLEE ( Table 2 ). The pbpla, pbp2b and pbp2x fingerprints characteristic of these isolates (fingerprint group 1-1-1) are shown in Fig. 2(b) . The fingerprints of the pbpla, pbp2b and pbp2x genes of the penicillin-susceptible strain R6 (fingerprint group 16-3-3) are shown in Fig. 2(a) .
Multiresistant pneumococci of serogroup 6
The fingerprint group 2-2-2 characterizes thepbp genes of the major multiresistant Spanish serotype 6B clone. As expected, we identified two members of this clone in the isolates from Hospital Gregorio MaraA6n. These serogroup 6 isolates (GM17 and GM121) were identical by MLEE (or differed by a single null allele) to the reference strain of the major serotype 6B clone (SP681). Isolate GM17 was serotyped and expressed capsular type 6B. The pbp la, pbp2b and pbp2x fingerprints characteristic of the major serotype 6B clone are shown in Fig. 2(c) .
All of the Spanish pneumococci that are classified within fingerprint group 2-2-2 are members of the major serotype 6B clone (Table 1 , and unpublished data). However, there were four isolates that possessed the same pbpla and pbp2x alleles as the serotype 6B clone, but had different pbp2b alleles. Isolates T8 and T99 were both serotype 6B and were recovered two years apart in the same hospital. The other two isolates (NSM 2 and MS10) were recovered in the same year, but in different hospitals, and were distinguished from isolates T8 and T99 as they had a different allele ofpbp2b. NSM2 and MSlO differed at only two of the 16 enzymes assayed by MLEE, but the former isolate was serotype 6A, whereas the latter was serotype 6B. One further serotype 6 isolate (GM84) possessed the pbp2x allele characteristic of the major Spanish serotype 6B clone, but it had the pbp2b allele found in isolates NSM2/MS10, and a novel allele ofpbpla allele that was found in one further serogroup 6 isolate (GM41). All of these serogroup 6 isolates appeared to be closely related in overall genotype as they clustered together on the dendrogram produced from the MLEE data (Fig. 1 ). , 527, 404, 309, 242, 238, 217, 201, 190, 180, 160, 147 , F 123, 110,90, 76,67, 34 and 26 bp. pbp2b alleles. Thepbp2b genes of these two variants both differed markedly from that of the major serotype 6B clone. Thus, the pbp2b gene of the major serotype 6B clone (allele 2) was cut into eight fragments with Hinff, and only three of these fragments were common to the pbp2b genes of isolates NSM2/MS10 (allele 21) or T8/T99 (allele 28).
Two further isolates of serotype 6B, and one non-typeable isolate, were recovered from different patients on different wards in Hospital Gregorio Maraiih in June 1989. These isolates (GM133-135) were indistinguishable by MLEE, and appeared to be closely related to the other serogroup 6 isolates, although they had different pbp genes and were susceptible to tetracycline.
Identification of a major multiresistant clone of serotype 14 pneumococci
Eighteen of the 24 multiresistant pneumococci of serotype 14 possessed identical alleles of the three pbp genes (fingerprint group 19-46-25). All of these 18 isolates gave the same pattern of DNA fragments by REP-PCR (data not shown), and three of the isolates (VH14, GM23 and C38) were examined by MLEE and were indistinguishable. Members of this multiresistant Spanish serotype 14 clone were identified among isolates recovered between 1990 and 1994 from six Spanish hospitals. All of the isolates, except T9 (MIC of 0.5 pg ml-'), had high-level resistance to penicillin (MICs of 1-2 pg ml-'), and five of them, from four different Spanish hospitals, were resistant also to erythromycin. The &la, pbp2b and pbp2x fingerprints characteristic of this major serotype 14 multiresistant clone are shown in Fig. 3(a) .
One further serotype 14 isolate (SJ37) possessed pbpla andpbp2x genes that appeared to be the same as those of the serotype 14 clone, but had a markedly different pbp2b gene (only 3/8 of the HinfI fragments, and 1/5 of the SgI fragments, from this gene were common to those from thepbp2b gene of the major serotype 14 clone). Thepbp2b gene of isolate S J37 appeared to be the same as that in two variants of the major serotype 6B clone (allele 28). SJ37 was shown to differ from members of the major serotype 14 clone at only 1/16 enzymes assayed by MLEE.
Three additional serotype 14 isolates (B27, B28 and S034) possessed the same Pbpla allele as the serotype 14 clone, but each had distinct pbp2b and pbp2x alleles. Two of these isolates (B27 and B28) were recovered in the same hospital in the same year. The third isolate (S034) was recovered at a separate hospital four years previously and was resistant also to erythromycin. All three isolates were identical by MLEE, except that SO34 differed by one null allele. Cluster analysis suggested that these isolates were also closely related to the members of the major serotype 14 multiresistant clone (Fig. 1) .
Two serotype 14 isolates (GM57 and GM124) recovered at the Hospital Gregorio Maraiion in 1988 and 1989 were not closely related to the other serotype 14 isolates (Fig. 1 ) and appeared to have thepbp2x gene characteristic of the major multiresistant 23F clone (allele l), and the pbp2b gene found in four of the serogroup 6 isolates (allele 211, combined with a unique pbpfa allele. Both isolates were z z - .............................................................................. ....................... ... Fig. 3 . Fingerprints of the pbpla, pbp2b and pbp2x
genes of multiresistant pneumococci. The digitized fingerprints of the pbp genes amplified from the major multiresistant serotype 14 clone (fingerprint group 19-46-25) susceptible to tetracycline, unlike members of the major serotype 14 clone.
Identification of a major multiresistant clone of serogroup 15 pneumococci
There were 14 multiresistant pneumococci of serogroup 15 in the collection. Thirteen of these were in the same fingerprint group (4-12-27). Isolates NSM41, GM44, B67 and C68 were analysed by MLEE and expressed indistinguishable allozymes for each of the 16 enzymes assayed, with the exception of isolate NSM41, which differed at a single locus. Cluster analysis suggested that the genetic background of these isolates was similar to that of the members of the major multiresistant serotype 23F clone and the serotype 19F variants of this clone (Fig.  1) . This was supported by REP-PCR which failed to distinguish these isolates from the serotype 23F and 19F isolates. Isolates NSM41 and GM44 were serotyped and were shown to express capsular type 15F.
All of the isolates of this multiresistant serogroup 15F clone, which were recovered from six Spanish hospitals between 1988 and 1994, had intermediate levels of resistance to penicillin (MICs of 0.25-1 pg ml-'). Four isolates, from two different hospitals, were resistant also to erythromycin. Thepbp la, pbp2b andpbp2x fingerprints characteristic of this major serotype 15F clone are shown in Fig. 3(b) .
One other isolate of serogroup 15 (T58), appeared to have the samepbp2b andpbp2x genes as the members of the serotype 15F clone, but had a distinguishable pbp la gene that possessed one additional HinfI site (fingerprint group 4-12-26). T58 appeared by MLEE to be closely related to the other serogroup 15 isolates although it expressed capsular type 15A rather than 15F (Fig. 1) . A serogroup 21 isolate (VH97) also appeared to have the identical pbpla, pbp2x and pbp2b genes as T58, but these isolates were not closely related, differing at 4/16 loci and by one null allele (Fig. 1 ).
Other multiresistant isolates
There were five isolates of serogroup 19 that appeared to have the same alteredpbp genes (fingerprint group 35-26-5; Fig. 3c ), and one further isolate of the same serogroup (GM172) that differed only in its pbp2b gene (fingerprint group 26-26-5). Isolates GM79 and GM172 were serotyped and were shown to express capsular type 19F. These six pneumococci were recovered between June 1988 and October 1989 from six different patients in five wards of Hospital Gregorio MaraA6n and, excepting GM79, which showed high-level resistance to penicillin, had MICs of 0.2550.5 pg penicillin ml-'. The high-level penicillinresistant isolate GM79, and isolate GM130, were resistant to erythromycin in addition to penicillin, chloramphenicol and tetracycline. Three of the isolates, including GM172, were analysed by MLEE and were identical at all 16 loci examined. These multiresistant serotype 19F isolates were, however, not closely related to the serotype 19F variants of the 23F multiresistant clone (Fig. 1) Nine of the 95 multiresistant pneumococci appeared to be unique isolates that possessed alleles of thepbp genes that were not found in any of the other pneumococci. These isolates are not included in Table 1 and were not studied further.
DISCUSSION
Multiple-antibiotic resistance in pneumococci from Spain is currently associated predominantly with isolates of serogroups 14, 23, 6, 19 and 15. All of the serogroup 23 isolates studied here were members of the major Spanish serotype 23F clone. Similarly, most of the serogroup 6 isolates studied here were members of the major Spanish serotype 6B clone, or variants of this clone. The main novel finding in this paper is the rise to prominence in Spain of three new major clones of multiresistant pneumococci of serotypes 14, 15F and 19F.
Multiresistant pneumococci of serotype 14 now predominate in Spain, but they have not previously been studied in any detail. Several distinct clones of serotype 14 isolates were identified, but by far the most prevalent were those of fingerprint group 19-46-25. These isolates, which we shall call the major Spanish multiresistant serotype 14 clone, exhibit high-level resistance to penicillin (MICs 1-2 pg ml-'), chloramphenicol and tetracycline and, in some cases, to erythromycin. The prevalence of this clone in Spain is difficult to ascertain since the isolates included in our study are necessarily a biased sample of the population of multiresistant pneumococci from Spanish hospitals. However, as serotype 14 isolates are currently the most commonly recovered multiresistant pneumococci in Spain (A. Fenoll, unpublished data) , and 75 % of the isolates of this serotype were members of the major clone, it is likely that this clone is now more prevalent in Spain than the major serotype 23F or 6B clones. The major multiresistant serotype 14 clone is widely disseminated in Spain but it is at present unclear to what extent it has spread outside of Spain.
The multiresistant serogroup 15 pneumococci were almost all members of a single clone of serotype 15F with moderate levels of resistance to penicillin (MICs of 0-25-1 pg m1-I). This clone has also not been reported previously, but it appears to be widely disseminated within Spain, as it was recovered from six different hospitals.
Multiresistant serogroup 19 isolates have increased in frequency in Spain during the last five years, and two distinct clones of this serogroup were identified in this work. The major clone was the serotype 19F variant of the Spanish 23F clone which has been proposed to have arisen by the replacement of the genes specifying capsular type 23F with those specifying serotype 19F (Coffey e t al., 1991) . Two members of this variant have been previously reported from Barcelona (Coffey e t al., 1991 ; Sibold e t al., 1992) , and one from the USA (McDougal e t al., 1992) . The serotype 19F clone is highly resistant to penicillin (MIC 1-2pg ml-'), and now appears to be widely disseminated within Spain, as isolates were recovered from eight of the hospitals that submitted resistant pneumococci to the Instituto de Salud Carlos 111. The minor clone of serotype 19F multiresistant pneumococci (fingerprint group 35-26-5) was recovered only from Hospital Gregorio Maraiion in Madrid in 1988/89. The six isolates were recovered over a 17 month period, but it is not clear whether this clone is widespread within Spain. The increase in the frequency of multiresistant pneumococci of serogroup 19 in Spain in recent years is undoubtedly due to the increase in frequency of the serotype 19F variant of the major serotype 23F clone.
Serogroup 9 isolates are the most commonly encountered pneumococci in Spain that are resistant only to penicillin (Fenoll e t al., 1991) . Most of these isolates are members of the major Spanish penicillin-resistant serotype 9V clone (Coffey e t al., 1991 ; Reichmann e t al., 1995; Gasc e t al., 1995) . Isolate GM5 possessed the same pbp la, pbp2x and pbp2b genes as the penicillin-resistant serotype 9V isolates and appeared to be similar in overall genotype, differing at 2/16 loci. Isolate GM5 may be a member the serotype 9V clone that has gained additional resistance to chloramphenicol and tetracycline.
Pneumococci are naturally transformable and horizontal transfer of mosaic pbp genes (Dowson e t a/., 1989 (Dowson e t a/., , 1994 has been proposed to make a significant contribution to the spread of penicillin resistance in pneumococci (Coffey e t al., 1991) . One of the advantages of using pbp gene fingerprinting, rather than PBP profiling (Mufioz e t al., 1992) , is that it allows the horizontal transfer ofpbp genes to be detected. Several examples of putative horizontal transfer events were detected in the multiresistant pneumococci studied here. One clear example is provided by isolates T58 and VH97, which were not closely related by MLEE, and were of different serotype, but possessed the same mosaic forms of each of the threepbp genes. One possible explanation is that the threepbp genes have been transferred horizontally between these isolates.
In other cases, there were isolates that were indistinguishable, except for a difference in the fingerprints of one of the threepbp genes. For example, the serotype 19F isolate, GM172, was indistinguishable from the other members of the minor serotype 19F clone (e.g. isolates GM79 and GM99) by MLEE, and appeared to have identical pbp l a andpbp2x genes, but had a distinct pbp2b gene. Similarly, isolate SJ37 appeared to be a member of the major serotype 14 clone that possessed a different pbp2b allele, and isolates T99 and NSM2 differed from the major serotype 6B clone only in each having distinct pbp2b alleles.
These differences in a single pbp gene, between isolates that appear to be members of the same clone, could be due to mutational events that introduce or remove a restriction site within that pbp gene. However, in each of the above examples the differences in the pbp gene fingerprints would require the gain or loss of multiple restriction sites. The clonal variants are thus much more likely to be due to recombinational events that have replaced part, or all, of one of the pop genes with the corresponding region of the pbp gene from another resistant pneumococcus, or from a related streptococcal species. The role of recombinxtion in the generation of these variants was clearly demonstrated in the one example that we examined in more detail. In this case, the difference between thepbpZb genes of the serotype 19F clonal variants, GM169 and GM172, are extremely unlikely to have arisen by mutation as the two alleles differed at 30 nucleotide sites within the 240 bp that were sequenced.
Other examples of the putative horizontal transfer of pbp genes can be seen by inspection of Table 1 , which shows several cases of isolates of the same, or different, serotypes that shared the same mosaic form of one of the threepbp genes. One possible example of a serotype change was found. Isolates NSM2 and MSlO were recovered in the same year in different hospitals and appeared to possess identical mosaic forms of each of the three pbp genes.
They were also shown to be closely related by MJ,EE, but expressed capsular polysaccharides of type 6A and 6B, respectively. The molecular explanation for the difference in serotype is currently unclear, but similar phenomena have been reported previously (e.g. the serotype 19F variants of the serotype 23F clone), and have been postulated to be due to the exchange of genes specifying capsular type (Coffey e t al., 1991 ;  Kell e t d., 1993 ; Barnes e t a/., 1995).
Horizontal gene transfer may also be invoked to explain the apparent diversification of the members of the major multiresistant serotype 23F clone and the serotype 19F variants of this clone. These isolates differed considerably by hlLEE, although all of them clustered within one of the major lineages in the dendrogram of Fig. 1 . X similar variation in the allele profiles of members of the serotype 23F clone recovered in the USA was reported by
McDougal ef d. (1992) . Since all of these isolates possess the same altered forms ofpbp la, pbp2x andpbp26, and are resistant to three unrelated classes of antibiotics, the common ancestor of these isolates cannot realistically predate the introduction of antibiotics into medicine. It has been estimated that a mean of about 26 nucleotide substitutions are required to produce an observable difference in the electrophoretic mobility of a housekeeping enzyme on starch gels (Boyd et d., 1994) . It thus seems unlikely that the differences at up to 4/20 enzymeencoding loci among members of the serotype 23F clone Spratt, unpublished data) could have originated by mutation in less than 50 years. A more likely explanation is that the rate of recombination in the naturally transformable pneumococcus is relatively high, and that the initial uniformity of clones is dissipated by localized recombinational events that occasionally replace the alleles at loci that are analysed by MLEE with alleles from other pneumococcal lineages (Maynard Smith e t al., 1991) .
